The binding of E. coli cataboUte gene activator protein (CAP) to non-specific sequences of DNA has been modelled as an electrostatic interaction between four basic side chains of the CAP dimer and the charged phosphates of DNA. Calculation of the electrostatic contribution to the binding free energy at various separations of the two molecules shows that complex formation is favored when CAP and DNA are separated by as much as 12 A. Thus, the long range electrostatic interactions may provide the initial energy for complex formation and also the correct relative orientation of CAP and DNA. The non-specific complex does not involve the penetration of amino acid side chains into the major grooves of DNA and permits 'sliding' of the protein along DNA, which would enhance the rate of association of CAP with the specific site as has been proposed previously for lac repressor. We propose that, as it 'slides', CAP is moving In and out of the major grooves In order to sample the DNA sequence. Recognition of the specific DNA site is achieved by a complementarity in structure and hydrogen bonding between amino acids and the edges of base pairs exposed in the major grooves of DNA.
INTRODUCTION
Transcription In Escherlchia coll is regulated by repressor and activator proteins, among them the cataboUte gene activator protein (CAP) (1, 2, 3) and lac repressor (4) . CAP regulates transcription from many opeions including the lactose (5), galactose (6) and arabinose (7) operons.
Cyclic AMP is an allosteric activator of CAP that Increases the affinity of CAP for the specific DNA sites. In the absence of cAMP, CAP binds to non-specific DNA sequences about six orders of magnitude less tightly than to Its specific site in the lac operon (8, 9) . Similarly, the affinity of lac repressor for operator DNA is about 7 orders of magnitude greater than the affinity for non-specific DNA sequences (10) .
The presence of non-specific sequences of DNA appears to facilitate the search of lac repressor for the operator (11, 12) . Lac repressor (13) and the EcoRI endonuclease (14) locate their recognition site faster than expected for a diffusion limited collision of macromolecules. These proteins appear to bind to the specific sites by a two-step process that Involves binding first to non-specific sequences of DNA and then translocation to the high affinity specific site (15) . It has been proposed that the protein moves along the DNA molecule by a type of one-dimensional random walk or 'sliding' process until the specific high affinity site is located (16, 17, 18) . In this paper, we provide structural models of how non-specific complexes and 'sliding' might facilitate recognition of a specific DNA sequence by CAP.
The crystal structure of a CAP dimer complexed with cAMP has been determined at 2.9 A resolution (19, 20) . The two F alpha helices are implicated in the binding of CAP to DNA and are predicted to lie in successive major grooves of B-form DNA in the complex (21, 22) . A two-helix structure similar to the consecutive alpha helices E and F in CAP is seen in the known crystal structures of cl and cro repressor from lambda phage (23, 24) .
Sequence homologies have suggested the same structure occurs in lac repressor and many other gene regulatory proteins (25) (26) (27) . Recently it has been shown by two dimensional NMR (28) that lac represaor headpiece folds into two alpha helices in approximately the predicted positions. Therefore CAP and lac repressor appear to share a common structure of two consecutive alpha helices that is involved in binding to and recognition of the specific DNA sites.
The atomic coordinates of the CAP structure have enabled us to calculate the electrostatic potential energy surfaces of the CAP dimer (29) .
This was valuable in building a model of the complex between CAP and the specific site in the lac operon (21) . The specific site appears to be recognized by a set of complementary hydrogen bond interactions that are formed between amino acid side chains of the CAP F helices and the edges of base pairs that are exposed in the major grooves of DNA. The model complex that we have described is in good agreement with the experimental data for specific binding of CAP to the lac site.
We have constructed a model of CAP bound to non-specific DNA that is consistent with the more extensive data on the binding of lac repressor to DNA. In this non-specific complex, CAP and DNA are further apart than in the specific complex and less contact occurs between the two molecules in the major grooves of DNA so that there is no physical barrier to the relative motion of the molecules. The electrostatic interaction between CAP and DNA plays a major role in formation of the complex and is consist-ent with the type of facilitated translocation along the DNA that has been proposed for lac repressor.
METHODS

Electrostatic Potential Surface
The electrostatic potential surfaces of the CAP dimer were calculated by the method described in Matthew and Richards (30) . This method is a modification of the Tanford Space filling representations of 3 model complexes of CAP and DNA looking down the major grooves at an angle of 30° to the DNA helix axis, a) The specific complex of CAP and DNA that is bent with a 70 A radius of curvature. The 2 F alpha helices penetrate into the major grooves of DNA and form hydrogen bonds with the base pairs, b) A non-specific complex at 3.6 A separation distance (see Figure 4) , where there Is little or no penetration of protein atoms Into the major grooves. Only lysine 188 and arginine 185 from each F helix are sufficiently close to make ionic interactions with the phosphates of DNA. c) A non-specific complex at 7.6 A separation distance. The DNA is represented as straight for these nonspecific complexes, however there is little information on whether the DNA is straight or bent as shown for the specific complex.
Specific and Non-specific Interaction: Analogy with Lac Repressor
The non-specific complex of CAP and DNA has been constructed to be consistent with the extensive data on the non-specific binding of lac repressor protein to DNA. Lac repressor has a significant affinity (10 to -8 10 M, depending on the DNA) for non-operator sequences of DNA (38) . Lac repressor binding to non-operator sequences of DNA does not require the protein to penetrate into the major groove of the DNA since its binding is not reduced by steric blocking of the major grooves (38, 43) . In fact, lac represaor binds to analogs of poly dAT in which the major groove is filled by bulky substituents with affinities as high as IC^M" 1 (43) .
Even the charge of the substituents has little influence on the non-specific binding. Leahy (44, 45) has shown that blocking the major grooves of DNA with bulky substituents of the Thymine methyl group abolishes specific binding of lac repressor to operator containing DNA but not its non-specific association. Thus, in the case of lac repressor, the specific complex with DNA involves penetration of the protein into the major grooves of the operator, while the non-specific interaction involves little or no penetration into the major grooves and more ion pairs. It has been predicted (25,26) that both lac repressor and CAP would form the specific complex with B-DNA by means of hydrogen bond interactions between amino acid side chains of an alpha helix and the edges of base pairs exposed in the major groove of DNA.
Such a model has been built for the case of the CAP dimer interacting with the CAP site in the lac operon (21, 22 ).
In the non-specific complex described here the relative orientation of CAP and DNA is the same as in the specific model.however, the two molecules are separated so that the protein side chains do not penetrate into the major grooves of DNA (Figure 2 ). In fact, the Arginine and Lysine each sequence of base pairs as it 'slides' along the DNA. We suggest that the protein is 'bouncing' as well as 'sliding', in that it will move in and out of the groove, presumably at a rate that is faster than 'sliding'.
When the correct base sequence is reached, the energy of hydrogen bonding and van der Waals contacts will add to the full 13 kcal/Mole of electrostatic energy rather than subtract from it.
CONCLUSIONS
The calculated electrostatic potential energy of the CAP molecule has an asymmetric distribution with the positive charge concentrated around the DNA-binding domains. This is similar to ribonuclease (30) which also has a region of positive electrostatic field close to the RNA site and cro re- The complementary electrostatic fields of CAP and DNA can orient the protein relative to the DNA and favour the association of the two molecules. This is probably important for proteins that associate non-specifically with DNA and search for a specific sequence by a rapid facilitated trans-location (14, 15) . The protein molecule may form an electrostatic association at a distance and slide along the DNA until the specific site is recognized.
During the diffusion of the protein along DNA the protein must sample the sequence of base pairs in a series of random associations and at the high affinity specific site there will be a minimum energy set of complementary hydrogen bonds formed between amino acid side chains and the base pairs of DNA.
